




















Mon. Not. R. Astron. Soc. 000, 1–5 (2013) Printed 31 August 2018 (MN LATEX style file v2.2)
A magnetar powering the ordinary monster GRB
130427A?
M.G. Bernardini1⋆, S. Campana1, G. Ghisellini1, P. D’Avanzo1, G. Calderone1,
S. Covino1, G. Cusumano2, G. Ghirlanda1, V. La Parola2, A. Maselli2,
A. Melandri1, R. Salvaterra3, D. Burlon4,5, V. D’Elia6, D. Fugazza1,
B. Sbarufatti1, S.D. Vergani7, G. Tagliaferri1
1INAF - Osservatorio Astronomico di Brera, via Bianchi 46, I-23807 Merate (LC), Italy
2 INAF – IASF Palermo, via Ugo La Malfa 153, I-90146 Palermo, Italy
3 INAF – IASF Milano, via E. Bassini 15, I-20133 Milano, Italy
4 Sydney Institute for Astronomy, School of Physics, The University of Sydney, NSW 2006, Australia
5 ARC Centre of Excellence for All-sky Astrophysics (CAASTRO), The University of Sydney, NSW 2006, Australia
6 INAF – Osservatorio Astronomico di Roma, via Frascati 33, I-00040 Monteporzio Catone (RM), Italy
7 GEPI – Observatoire de Paris, CNRS UMR 8111, Univ. Paris-Diderot, 5 Place Jules Jannsen, F-92190 Meudon, France
31 August 2018
ABSTRACT
We present the analysis of the extraordinarily bright Gamma-Ray Burst (GRB)
130427A under the hypothesis that the GRB central engine is an accretion–powered
magnetar. In this framework, initially proposed to explain GRBs with precursor ac-
tivity, the prompt emission is produced by accretion of matter onto a newly–born
magnetar, and the observed power is related to the accretion rate. The emission is
eventually halted if the centrifugal forces are able to pause accretion. We show that
the X-ray and optical afterglow is well explained as the forward shock emission with
a jet break plus a contribution from the spin–down of the magnetar. Our modelling
does not require any contribution from the reverse shock, that may still influence the
afterglow light curve at radio and mm frequencies, or in the optical at early times.
We derive the magnetic field (B ∼ 1016 G) and the spin period (P ∼ 20 ms) of the
magnetar and obtain an independent estimate of the minimum luminosity for accre-
tion. This minimum luminosity results well below the prompt emission luminosity of
GRB 130427A, providing a strong consistency check for the scenario where the entire
prompt emission is the result of continuous accretion onto the magnetar. This is in
agreement with the relatively long spin period of the magnetar. GRB 130427A was
a well monitored GRB showing a very standard behavior and, thus, is a well–suited
benchmark to show that an accretion–powered magnetar gives a unique view of the
properties of long GRBs.
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1 INTRODUCTION
The picture of the prompt and afterglow emission pro-
vided by the Swift (Gehrels et al. 2005) and Fermi mis-
sions in recent years strengthened the idea that long dura-
tion Gamma-Ray Bursts (GRBs) originate from the death
of massive stars (Woosley & Bloom 2006). Nevertheless, it
remains unsettled whether the central engine is a rapidly
accreting black hole (Woosley 1993; MacFadyen & Woosley
1999; Kumar et al. 2008) or a “millisecond magnetar” (Usov
⋆ E-mail: grazia.bernardini@brera.inaf.it
1992; Duncan & Thompson 1992; Uzdensky & MacFadyen
2007; Metzger et al. 2011), i.e. a neutron star endowed with
a large magnetic field (B ∼ 1015−16 G).
In Bernardini et al. (2013) we proposed that GRB
prompt emission originates from an accretion disk feeding
a newly born magnetar, and therefore the observed power
is proportional to the mass accretion rate. In this frame-
work, close to the surface of the magnetar, the behavior
of the in–falling material is dominated by the large mag-
netic field of the neutron star, so that matter is channelled
along the field lines onto the magnetic polar caps. The mag-
netic field begins to dominate the motion of matter at the
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magnetospheric radius rm, defined by the pressure balance
between the magnetic dipole of the magnetar and the in–
falling material. Accretion onto the surface of the magnetar
proceeds as long as the material in the disk rotates faster
than the magnetosphere. In the opposite case, accretion
can be substantially reduced due to centrifugal forces ex-
erted by the super-Keplerian magnetosphere: the source is
said to enter the “propeller” phase (Illarionov & Sunyaev
1975; Campana et al. 1998). This scenario has been pro-
posed to explain the observational features of the prompt
emission of GRBs with precursors, that constitute ∼ 17% of
entire GRB population (see also Burlon et al. 2008). Both
the precursor(s) and the main emission correspond to the
accretion episodes. When the system enters the propeller
phase, accretion is inhibited and the GRB becomes quies-
cent. If we interpret the X–ray plateau in the GRB after-
glows as due to continuous energy injection from the mag-
netar spin–down power (Dai & Lu 1998; Zhang & Me´sza´ros
2001; Corsi & Me´sza´ros 2009; Dall’Osso et al. 2011), we can
estimate the magnetic field and spin period of the magnetar
and have a completely independent test for the precursor
and main event nature. This model has a more general ap-
plication if we consider that all GRBs with a shallow decay
phase are produced by a power-accretion magnetar, inde-
pendently from the presence of precursors.
In this Letter we show that an accretion–powered
magnetar is a suitable central engine for the super–
bright GRB 130427A, a nearby (z = 0.34, Levan et al.
2013) GRB detected simultaneously by several high–energy
satellites (Fermi-LAT & Fermi-GBM collaborations 2013;
Preece et al. 2013; Golenetskii et al. 2013). Its extremely
bright afterglow was followed up at lower energy, allowing to
test standard models with great detail (Laskar et al. 2013;
Maselli et al. 2013; Perley et al. 2013; Panaitescu et al.
2013; Vestrand et al. 2013). Overall, GRB 130427A shares
the properties of cosmological GRBs (Maselli et al. 2013),
and it is the first case of a powerful GRB associated with
a Type Ic Supernova (SN) (Xu et al. 2013, Melandri et
al. 2013, in preparation). Indeed, all the other cases were
found to be associated to GRBs with peak luminosity L <
1051 ergs s−1(see e.g. GRB 980425/SN 1998bw, Pian et al.
1999, or GRB 060218/SN 2006aj, Campana et al. 2006;
Soderberg et al. 2006). In Bernardini et al. (2013) we en-
visaged that both low–luminosity and normal GRBs can
originate from the collapse of a massive star leaving a mag-
netar. In the first case, the mass inflow rate is not high
enough to shut off the spin–down power and we have a GRB
powered by the wind of the magnetar rather than by ac-
cretion as for normal GRBs. GRB 130427A, bridging the
gap between nearby, low–luminosity and powerful, cosmo-
logical GRBs is a benchmark to test the scenario proposed
in Bernardini et al. (2013).
2 GRB 130427A DISCOVERY AND
OBSERVATIONS
GRB 130427A was discovered by the Fermi/Gamma–ray
Burst Monitor (GBM, Meegan et al. 2009) at 07 : 47 :
06.42 UT on April 27 2013 (Preece et al. 2013). Hereafter,
this time will be our reference time T◦. It was also de-
tected by Konus–Wind (Golenetskii et al. 2013) and by the
Swift/Burst Alert Telescope (BAT, Barthelmy et al. 2005),
50.6 s after the Fermi trigger (Maselli et al. 2013). With
its extremely large peak flux (fpk,1s = 331 ph/(cm
2s) in
the BAT 15 − 150 keV energy band; Maselli et al. 2013),
GRB 130427A is the brightest GRB observed by Swift and
Fermi. High–energy gamma–ray emission was detected by
the Fermi/Large Area Telescope (LAT, Atwood et al. 2009)
up to 94 GeV (Fermi-LAT & Fermi-GBM collaborations
2013).
The Swift/X–ray Telescope (XRT, Burrows et al. 2005)
began observing the field 195 s after the GBM trigger,
leading to the detection and localization of the X-ray af-
terglow (Maselli et al. 2013). The Swift/UV/Optical Tele-
scope (UVOT, Roming et al. 2005) began observing the field
181 s after the trigger, leading to the detection of a bright
UV/optical afterglow (Maselli et al. 2013) which was de-
tected by several ground-based observatories in the optical,
millimeter, and radio bands. In particular, a bright optical
counterpart was promptly detected by the Raptor robotic
telescope (Vestrand et al. 2013).
The redshift was found to be z = 0.34 from optical
spectroscopy of the afterglow (Levan et al. 2013). Its relative
proximity made this GRB the ideal candidate to study the
association with SNe. Indeed the broad line Type Ic SN
2013cq was associated with this burst (Xu et al. 2013) and
followed extensively for a very long period after the explosion
(Melandri et al. 2013, in preparation). Thus, this is the first
case of a powerful GRB associated with a Type Ic SN.
Its extremely bright and well–monitored afterglow al-
lows to test standard models with great detail. Maselli et al.
(2013) found that from 26.6 ks the X–ray and optical light
curves show the same temporal behavior, well fitted by a for-
ward shock model in a homogeneous circumburst medium.
Before this time, an extra–component in the X–ray en-
ergy band is required, probably related to the MeV prompt
emission (Maselli et al. 2013). The richness of the afterglow
dataset allowed Maselli et al. (2013) to identify an achro-
matic break at ∼ 37 ks, suggestive of a jet break.
Alternative models have been proposed to interpret the
multiwavelength afterglow emission (from radio to GeV).
Laskar et al. (2013) and Perley et al. (2013) proposed a
(Newtonian) reverse plus forward shock model: the reverse
shock is responsible for the radio and mm emission and,
partially, for the optical emission at early times, while the
forward shock emission is responsible for the optical and
X-ray emission. Vestrand et al. (2013) advocated the re-
verse shock emission to explain the initial optical flash ob-
served by Raptor and the initial optical light curve (see also
Panaitescu et al. 2013). All these proposals share the com-
mon idea of a wind–like circumburst medium, and that the
entire X–ray emission is from the forward shock only.
3 GRB 130427A IN THE CONTEXT OF THE
ACCRETION–POWERED MAGNETAR
MODEL
Following the model described in Bernardini et al. (2013),
we interpret the GRB 130427A prompt emission as origi-
nated from a newly born magnetar accreting material from
an accretion disk onto its surface. This proceeds as long as
the material in the disk rotates faster than the magneto-
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Figure 1. X–ray and optical light curves of GRB 130427A (panel A). Luminosity lines k–corrected in the 0.3− 10 keV observed energy
band are compared to the prompt emission (black points), that is above the estimate for Lmin. The gray areas mark the 1σ region
around L(rm) and Lmin. The red solid line marks the best fit to the afterglow in the 0.3 − 10 keV energy band (green points), while
the pink dashed line is the model luminosity k-corrected in the optical band (r’ filter) compared to observations (blue points). The host
galaxy contribution has been subtracted. The three different components in the X–ray afterglow emission (panel B): the initial steep
decay (green dash–dotted line), the forward shock emission (FS, blue dashed line) and the contribution from the wind of the magnetar
(Magnetar, red solid line). The end of the accretion process corresponds to the moment when the accretion power (the green dash–dotted
line) falls below the luminosity at the light cylinder Llc. From this time on, the magnetar start to contribute to the afterglow emission
with its spin–down power (red solid line). After tb,RF = 27.6 ks the slope of the FS changes due to the jet break. Mask–weighted BAT
count rate light curve of the first peak of GRB 130427A as it would appear at z = 2 (panel C).
sphere, and the emission should lie above the characteris-
tic luminosity corresponding to the onset of the propeller
phase Lmin. The accretion process ends when the mass in-
flow rate decreases enough for the magnetospheric radius to
reach the light cylinder (i.e. the radius at which the field
lines co–rotate with the neutron star at the speed of light).
Beyond this radius, i.e. when the accretion power falls be-
low the luminosity at the light cylinder radius Llc, the field
becomes radiative and expels much of the in–falling matter.
For larger distances, the GRB afterglow can also be influ-
enced by the magnetar, being re–energized by its spin–down
power (Dall’Osso et al. 2011).
If during the accretion phase the magnetar accretes
enough matter (as we proposed has occurred in GRB
061007, see Bernardini et al. 2013 for a discussion), then
the compact object collapses to a black hole (Piro & Ott
2011). The large isotropic energy of GRB 130427A should
be rescaled by the beaming factor fb = (1 − cos θj), that
can be inferred from the optical and X-rays observations.
The jet break at tb ∼ 37 ks (tb,RF = 27.6 ks rest frame)
corresponds to a collimation angle θj ∼ 3.4
◦ (Maselli et al.
2013). Thus, the total bolometric kinetic energy is Ej =
(fb/η)Eγ,iso ∼ 2× 10
52 erg (assuming a radiative efficiency
η = 0.11). This energy corresponds to an accreted mass
Macc,j ∼ Ej/c
2
∼ 0.02 M⊙. The small amount of accreted
mass suggests that the magnetar likely did not collapse to a
black hole at the end of the prompt emission.
Consistently with the analysis of the X–ray and op-
tical data reported in Maselli et al. (2013), we considered
the X–ray emission as the afterglow emission produced by
the forward shock with a jet break at tb,RF = 27.6 ks.
The X-ray emission is not a simple power-law but shows
a curvature that cannot be fully captured by a simple for-
ward shock emission (see Maselli et al. 2013 their fig. S7
and Perley et al. 2013 their fig. 11 where the extrapolation
backwards of their forward shock model underestimates and
overestimates, respectively, the X-ray emission). We there-
fore propose that the magnetar contributes to the afterglow
emission with its spin–down power. According to the sce-
nario outlined in Dall’Osso et al. (2011), the afterglow emis-
sion is the sum of the forward shock emission (a power law)
plus the contribution of the wind of the magnetar, and this
1 We adopt standard values of the cosmological parameters:
H◦ = 70 km s−1 Mpc−1, ΩM = 0.27, and ΩΛ = 0.73.
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should account for the X–ray light curve from ∼ 200 s on-
ward (see Dall’Osso et al. 2011, their Eq. 8).
Since the spin–down power depends on the magnetic
field and spin period, we can obtain a direct estimate of
these parameters from the best fit to the X–ray data. We
introduced two modifications to the function derived by
Dall’Osso et al. (2011): we adopted for the forward shock
emission a broken power law to account for the jet break
occurring at tb,RF = 27.6 ks. We added a further power–law
component (A (t/s)−a) to model the initial steep decay of
the X–ray light curve, that is ascribed to the end of the ac-
cretion and, consequently, of the prompt emission. The three
components of the X–ray emission are illustrated in fig. 1.
The best fit to the X–ray data is portrayed in fig. 1. The
magnetic field B = (1.15±0.09)×1016 G and the spin period
P = (24.2±0.2) ms2 resulting from the fit are comparable to
the distributions of these two parameters for GRBs without
precursors (see Bernardini et al. 2013, therein fig. 4). The
other free parameters are the initial forward shock energy
E◦ = (2.07 ± 0.01) × 10
50 erg, the normalization of the ini-
tial steep power law A = (2.24 ± 0.72) × 1061 erg s−1 and
its power–law index a = (5.65±0.06). The initial time when
the spin–down power of the magnetar starts to contribute
to the afterglow emission is fixed to T◦,RF = 1500 s, that is
the time when the accretion power falls below Llc and the
accretion process ends (see fig. 1). We also fixed the param-
eter k′ to be k′ = 0.2 in order to get the best agreement
with the X-ray late time emission (the light curve asymp-
totical behaviour is ∝ t−(1+k
′)). The parameter k′ is brack-
eted between 0 and 1 and depends on the fraction of energy
transferred to the electrons and on the evolution of the bulk
Lorentz factor, that in turn depends on the ambient medium
(ISM or wind, see Dall’Osso et al. 2011 for further details).
Since, as a general trend, larger values of k′ are expected
for wind-like medium (see Dall’Osso et al. 2011), the phys-
ical implications of such a low value of k′ are that an ISM
medium is favored. This value is at variance with the inter-
pretations of the afterglow based on the reverse shock emis-
sion (Laskar et al. 2013; Perley et al. 2013; Panaitescu et al.
2013; Vestrand et al. 2013), while it is in agreement with
the scenario proposed by Maselli et al. (2013). The post jet
break slope variation of the forward shock component is
fixed to ∆ = 1.5, consistent with the expectations in the
standard afterglow model (Sari et al. 1999). However, the
observed afterglow light curve after the jet break is shal-
lower than expected because of the injection of energy from
the wind of the magnetar. An injection of energy was also
envisaged by Maselli et al. (2013) as a possible explanation
for the shallower–than–expected post–break slope3.
The X–ray and optical light curves have a similar be-
havior from 26.6 ks onward, while at earlier times the op-
tical light curve is shallower. We considered the best fit to
X–ray data without the steep power–law component used
to model the initial decay (which is likely related to the tail
of the prompt emission and not to the afterglow emission).
The remaining two components (the forward shock emis-
2 Errors are given at 1σ confidence level.
3 Alternatively, this unconventional post–break shallow decay
could be ascribed to the time evolution of the microphysical pa-
rameters (Maselli et al. 2013).
sion and the spin–down power of the magnetar) have been
k-corrected in the r’ filter using the spectral analysis of the
X–ray data reported in Maselli et al. (2013, Supplementary
Table 4). We overlaid our model light curve without any
additional fit on the observations by the Faulkes Telescope
North and by the Liverpool Telescope finding a good match
(see fig. 1), as expected since there are no spectral breaks
between the X–ray and optical bands (Maselli et al. 2013).
From our analysis of the X-ray emission it turns out that
also the optical emission after t ∼ 400 s can be accounted
for by the forward shock with the contribution of the magne-
tar and, thus, does not require any additional contribution
from the reverse shock.
With the direct and independent estimate of the mag-
netic field and spin period of the magnetar from the fit to
the X–ray emission, we calculated the characteristic bolo-
metric luminosity corresponding to the onset of the propeller
phase, Lmin = 3.1× 10
49 erg s−1, the luminosity during the
propeller phase resulting from the gravitational energy re-
lease of the in–falling matter up to rm, L(rm) = 1.8 × 10
48
erg s−1, and the luminosity at the light cylinder radius,
Llc = 1.81 × 10
44 erg s−1. In fig. 1 we compare these lu-
minosities scaled in the XRT 0.3−10 keV energy band with
the prompt emission rescaled in the same energy band. The
observed luminosity is consistently above the minimum lu-
minosity expected for accretion, thus confirming that the
entire prompt emission is the result of continuous accretion
onto the magnetar. This is supported observationally by the
fact that the spectral index evolves during the burst without
discontinuity (Maselli et al. 2013, therein fig. 1). The large
spin period leads to weaker centrifugal forces and the mag-
netar never enters the propeller phase during the prompt
emission, and in fact we do not observe quiescent times.
Since this is a nearby GRB, one may ask if a burst with
similar characteristics that would have exploded at cosmo-
logical distances would have been misclassified as a GRB
with a precursor. In this case, the quiescent time would
have been related to the undetectability of the emission,
and not to the properties of the magnetar and of the accre-
tion flow. We checked this rescaling the BAT light curve as
it would appear at redshift z ∼ 2, that is a typical redshift
for the bright GRBs observed by Swift (the BAT6 sample,
Salvaterra et al. 2012). Adopting the spectral analysis per-
formed in Maselli et al. (2013, therein Supplementary Table
4), we normalized each spectrum in order to obtain the ex-
pected flux at z = 2 and we shifted the energy band in order
to account for the cosmological redshift of the frequencies.
We used these scaled spectra to simulate with XSPEC (ver.
12.6.1) how BAT would have detected it, and we used the
batphasimerr task to create the correct uncertainties. The
mask–weighted BAT light curve at z = 2 is portrayed in
fig. 1. For consistency with the procedure to identify the
precursors in Bernardini et al. (2013), we rebinned the light
curve at S/N = 5. The emission between the first and the
main peak is still detectable. Thus, even at z = 2, this burst
would not have shown precursor activity. This supports the
consistency of the classification of GRBs with and without
precursors in Bernardini et al. (2013).
The possibility of a magnetar–powered SN via a pro-
peller mechanism has been explored by Piro & Ott (2011).
They concluded that for small, hydrogen–poor envelopes a
broad–lined Type Ic SN may appear, similar to SN 2013cq
c© 2013 RAS, MNRAS 000, 1–5
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that has been detected associated with this burst (Xu et al.
2013). Therefore, the proposed model can easily accommo-
date both the GRB emission and the associated SN.
4 CONCLUSIONS
In this Letter we analyzed the prompt and afterglow emis-
sion of GRB 130427A, a nearby, powerful GRB recently dis-
covered and observed with unprecedented details. An energy
injection from the magnetar is needed to interpret the entire
X-ray emission, that is not a simple power-law but shows
a curvature that cannot be fully captured by the forward
shock emission only. From our analysis of the X-ray emis-
sion it turns out that also the early optical emission can be
accounted for by the forward shock with the contribution of
the magnetar.
From the X–ray light curve fit we can derive the mag-
netic field and the spin period of the magnetar and, thus,
an independent estimate of the minimum luminosity for ac-
cretion Lmin. When compared to the prompt emission lumi-
nosity of GRB 130427A, this results well above Lmin, con-
firming that the entire prompt emission is the result of con-
tinuous accretion onto the magnetar. This implies that the
absence of quiescent times is intrinsic (i.e. the source does
not enter the propeller phase) and not due to the capabil-
ity to detect the emission among different peaks because of
its relative proximity. This model requires that the late X-
ray and optical light curves curvature is interpreted as the
combination of energy injection and jet break, while it does
not require any contribution from the reverse shock. How-
ever, reverse shock emission may still influence the afterglow
light curve at radio and mm frequencies (Laskar et al. 2013;
Perley et al. 2013), or during the very early optical flash
observed by Raptor (Vestrand et al. 2013). GRB 130427A
revealed itself as an important benchmark to show that
an accretion–powered magnetar is able to explain the main
properties of long GRBs in general, thus extending the valid-
ity of this model initially proposed for GRBs with precursors
(Bernardini et al. 2013).
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